The germination stimulants for root parasitic plants Striga and Orobanche produced by cotton (Gossypium hirsutum L.) were examined in detail. Seeds of cotton were germinated and grown on glass wool wetted with sterile distilled water in sterile filter units. The root exudate was collected daily and extracted with ethyl acetate. Each of these ethyl acetate extracts was analyzed directly by high-performance liquid chromatography linked with tandem mass spectrometry (LC/ MS/MS). The results demonstrate that cotton roots exuded strigol and strigyl acetate, but no other known strigolactones such as orobanchol and alectrol. The production of strigol was detected even in the root exudate collected during the first 24 h of incubation and reached a maximum 5-7 days later. The average exudation of strigol and strigyl acetate during the incubation period was ca. 15 and 2 pg/plant/day, respectively, indicating that strigol mainly contributed to germination stimulation by the cotton root exudate.
Witchweed (Striga spp.) and broomrape (Orobanche spp.) are weedy root parasites that cause a significant loss of crop production throughout the world. 1) Seeds of these parasites have special germination requirements. To germinate, the seed should be kept in a warm moist environment for several days prior to its exposure to exogenous germination stimulants. A group of sesquiterpene lactones, collectively called strigolactones ( Fig. 1) , are potent germination stimulants for both Striga and Orobanche. 2, 3) Strigol, the first strigolactone, was isolated from the root exudate of a false host, cotton (Gossypium hirsutum L.). 4, 5) Later, Siame et al. identified strigol in the root exudate of the genuine hosts of Striga, sorghum (Sorghum bicolor (L.) Moench), maize (Zea mays L.), and proso millet (Pennisetum glaucum (L.) R. Br.). 6) Yasuda et al. have recently isolated strigol from an aseptic root culture of Menispermum dauricum DC., a Chinese medicinal, non-host plant. 7) Strigol is therefore produced by both host and non-host plants. In contrast to strigol, all of the other natural strigolactones characterized to date have only been isolated from host plants: sorgolactone from sorghum, 8) alectrol from cowpea, 9) and orobanchol from red clover. 10) It is likely that these strigolactones would also be produced by nonhost plants.
The isolation and characterization of strigolactones in a root exudate have been hampered mainly because they are unstable and present in only a very low concentration. For example, according to the estimate by Yasuda et al., they recovered only 2% of strigol originally present in a culture filtrate, the greatest loss occurring during the ODS-HPLC separation. 7) In the previous paper, a simple and rapid analytical method for known strigolactones using HPLC-tandem mass spectrometry (LC/MS/MS) was reported.
11) It was confirmed by using this method that red clover produced orobanchol and alectrol, but not strigol. In addition, the roots of red clover seedlings were found to produce up to 50-60 pg of orobanchol/plant/week. This was the first y To whom correspondence should be addressed. Fax: +81-28-649-5155; E-mail: yoneyama@cc.utsunomiya-u.ac.jp Abbreviations: CID, collision-induced dissociation; HPLC, high-performance liquid chromatography; LC/MS/MS, liquid chromatography-tandem mass spectrometry; MRM, multiple-reaction monitoring report presenting an accurate quantification of germination stimulants in the root exudate of a host plant. Although cotton has been shown to produce strigol and strigyl acetate, 4, 5) it might also produce orobanchol, alectrol or other strigolactones. In addition, the amounts of these strigolactones and the time-course characteristics of their production have not yet been determined. We report in this paper the identification and quantification of strigolactones in the root exudate of cotton, and the time-course characteristics of their production. 14) The crude product was purified by silica gel chromatography and finally by preparative ODS-HPLC (50% MeOH). Its structure was confirmed by 1 H-NMR recorded in CDCl 3 with a Jeol EX 400 spectrometer. The purity of the (AE)-strigyl acetate sample was examined by LC/MS/MS and was found to contain less than 0.01% of strigol. Collection of the root exudate from cotton. Cotton seeds were surface-sterilized in 70% EtOH for 2 min and then in 1% NaOCl for 5 min. After thoroughly rinsing with sterile distilled water, the seeds were geminated on moistened filter paper in Petri dishes for 5 days at 28 C in the dark. The resulting seedlings (n ¼ 10) were transferred to a Nalgene 115-ml filter unit (0.8 mm pore size, Nalge Co., New York, U.S.A.), packed with 1.5 g of glass wool (creating a ca. 2-cm layer in the filter unit) and moistened with 15 ml of sterile distilled water as the culture medium. Each filter unit was sealed with parafilm and incubated at 25 C under continuous fluorescent illumination (ca. 60 mmol m À2 s À1 ). At 24-h intervals, the culture solution was collected by suction, the filter washed with 15 ml of sterile distilled water, and 15 ml of fresh sterile distilled water added. The collected root exudate samples plus washings (ca. 30 ml) were extracted 3 times with 10 ml of ethyl acetate. The ethyl acetate extracts were combined, washed with 0.2 M K 2 HPO 4 (pH 8.3), dried over anhydrous MgSO 4 , and concentrated in vacuo.
Materials and Methods
To quantify the strigolactones, the ethyl acetate extract of the root exudate was dissolved in 50-100 ml of 55% MeOH and filtered through a spin column (Ultra-Free MC, 0.45 mm pore size, Milipore). An aliquot of the filtered 55% MeOH sample solution was diluted with either pure 55% MeOH or 55% MeOH containing known amounts of authentic strigol and strigyl acetate. The increase in peak area on the chromatogram corresponded to the amounts of authentic strigol and strigyl acetate added, enabling the amount of each of these strigolactones in a sample to be estimated.
Germination assay. Germination assays on O. minor seeds were conducted as reported previously. 15) Each test solution, unless otherwise mentioned, contained 0.1% (v/v) acetone.
HPLC. HPLC separation was conducted with a U980 HPLC instrument (Jasco, Tokyo, Japan) fitted with an ODS (C 18 ) column (Mightysil RP-18, 2 Â 250 mm, 5 mm; Kanto Chemicals Co., Ltd., Tokyo, Japan). The mobile phase was 55% MeOH in water and was changed to 100% MeOH 40 min after injection. The column was then washed with 100% MeOH for 20 min to elute all the injected materials. The flow rate was 0.2 ml/min, and the column temperature was set to 40 C.
Mass spectrometry. Mass spectrometry was performed with a Quattro LC mass spectrometer (Micromass, Manchester, UK) equipped with an electrospray source. Both of the drying gas and nebulizing gas was nitrogen generated from pressurized air in an N2G nitrogen generator (Parker-Hanifin Japan, Tokyo, Japan). The nebulizer gas flow was set to approximately 100 l/h, and the desolvation gas flow to 500 l/h. The interface temperature was set to 400 C, and the source temperature to 150 C. The capillary and cone voltages were adjusted to each molecule and to the ionization mode (positive and negative). MS/MS experiments were conducted by using argon as the collision gas and the collision energy being optimized for each compound. The collision gas pressure was 1:5 Â 10 À3 mbar. Data acquisition and analysis were performed with the MassLynx software (ver. 3.2) running under Windows NT (ver. 4.0) on a Pentium PC.
Results and Discussion
Ions used for multiple-reaction monitoring (MRM) of strigyl acetate
As in the case of strigol and other strigolactones examined so far, 11) the sodium adduct ion, ½M þ Na þ , of m=z 411 was the most abundant in the full-scan positive mass spectrum of strigyl acetate, for which the capillary and cone voltages had been set to 3.5 kV and 40 V, respectively. No significant ions were observed in the negative mass spectrum (data not shown). Therefore, this sodium adduct ion was selected as the precursor ion for collision-induced degradation (CID). Several fragment ions were observed in the CID spectrum of strigyl acetate ½M þ Na þ . These were ½M þ Na À CH 3 
þ of m=z 254, and ½M þ Na À CH 3 COOH À D ring þ of m=z 215. Among these fragment ions, that at m=z 254 was the most abundant. Therefore, for multiple-reaction monitoring (MRM), the transition of m=z 411 > 254 was selected for strigyl acetate. In addition, the transition of m=z 411 > 307 was monitored for more accurate determination because the fragmentation of strigyl acetate was not as simple as that of strigol and one-channel monitoring can pick up some noise. The transition of m=z 369 > 272 was used for strigol, and the optimal collision energy for the MRM analysis of strigyl acetate was found to be 19 eV, the same as that for strigol.
11)
Analysis of strigolactones in cotton root exudates Strigolactones are generally unstable, particularly in an aqueous solution, because the CD part of these molecules, an essential structural element for the activity, 16) is easily hydrolyzed. Therefore, the root exudate needs to be collected over a short period for more accurate quantification. We noticed that a larger amount of orobanchol could be detected when the red clover root exudate was collected and extracted daily (Yoneyama, K. et al., unpublished results). Therefore, in this study, the cotton root exudate was collected daily and the extract analyzed by LC/MS/MS. Figure 2 shows a three-channel MRM chromatogram of the cotton root exudate collected on day 6 of the incubation. The channel at the top is for the monitoring strigol transition of m=z 369 > 272 by which any strigol isomers, including orobanchol and alectrol could also be detected. The retention times for orobanchol, strigol, and alectrol were 11.3, 12.4, and 25.2 min, respectively, under the experimental conditions used. The mid and lower channels are for the monitoring strigyl acetate transitions of m=z 411 > 254 and m=z 411 > 307, respectively. This chromatogram confirmed that cotton produced strigol and strigyl acetate, but not orobanchol or alectrol. In addition, in a separate experiment, sorgolactone could not be detected in the cotton root exudate by monitoring the transition of m=z 339 > 242 (data not shown).
Time-course characteristics of stimulant production As mentioned in the previous report, 11) the detection and quantification limits for strigol were about 10-fold lower than those for orobanchol and, in addition, the amount of strigol in the cotton root exudate was found to be relatively high. Therefore, only 10 (or probably fewer) cotton seedlings were enough to quantify stimulant production. Figure 3 shows the time-course characteristics of strigol and strigyl acetate production, together with the growth of cotton seedlings in terms of fresh weight. The experiments were conducted twice and similar results obtained. Although the production of both strigol and strigyl acetate was observed in the root exudate collected after the first 24 h of incubation (6 days after imbibition), neither strigol nor strigyl acetate could be detected in the root exudates collected during the next 24 h and 72 h. This may have been due to some acclimatization response after transferring the seedlings to the filter units. The production of strigol gradually increased, reaching a maximum of 25-30 pg/plant/day on days 5-7, and then decreased to a constant level of 14 pg/plant/day. Therefore, actively growing roots seem to have been the major source of the germination stimulant as in the case of red clover. 11) In contrast to the production of strigol, the amount of strigyl acetate in the cotton root exudate remained at a constant level of 3-4 pg/plant/day throughout the experiment, except for the period just mentioned.
The germination stimulation of strigol (10 À11 M-10 À8 M) and strigyl acetate (10 À11 M-10 À5 M) was examined by using O. minor seeds. As shown in Fig. 4 , strigyl acetate was 10-100 times less active than strigol toward O. minor seed germination. Although strigyl acetate may be more active toward Striga than to Orobanche, it is likely that germination stimulation by the cotton root exudate was attributable to strigol. The biological importance of strigyl acetate is not yet clear, although strigyl acetate might be a storage form or biosynthetic precursor of strigol.
We used LC/MS/MS in the present study to confirm that cotton produced strigol and strigyl acetate, but not other known strigolactones. In our experiments, the average amounts of strigol and strigyl acetate exuded during the incubation period were ca. 15 and 2 pg/plant/ day, respectively. Therefore, the average concentrations of strigol and strigyl acetate in the cotton root exudate (10 seedlings/15 ml) were ca. 3 Â 10 À10 M and 3 Â 10 À11 M, respectively. Since strigol exhibited distinct germination stimulation at a concentration as low as 10 À11 M, the estimated concentration of strigol (but not of strigyl acetate) was high enough to stimulate seed germination of O. minor and probably of other root parasitic weeds. Although strigol and strigyl acetate may decompose more rapidly in the soil than in the glass wool used in this study, it is likely that these strigolactones induced the seed germination of root parasitic weeds when the seeds were in the vicinity of the root system in the soil. Cotton is a false host of Striga and is used as a trap crop which induces the germination of Striga but is not parasitized, and consequently results in the suicidal germination of Striga seeds.
3) Significant differences in the germination stimulation of S. hermonthica have been reported for 40 cultivars of cotton by cut-root bioassays, and the germination stimulation by cotton has been proposed to a qualitatively inherited trait. 17) However, it is not clear if these differences in germination stimulation activity were due to quantitative or qualitative differences in the germination stimulants or the germination inhibitors, because the degree of germination stimulation was examined with a bioassay.
Host plants of Striga such as maize, pearl millet, and sorghum have been reported to produce strigol as one of the germination stimulants. 6) In a preliminary experiment, however, sorghum, for example, probably depending on the cultivar, was found to produce a novel strigol isomer but not strigol (Awad, A. A. et al., unpublished results). The determination and quantification of germination stimulants produced by these crops are now in progress. 
